Artificial photosynthesis constitutes one of the most promising alternatives for harvesting solar energy in the form of fuels, such as hydrogen. Among the different devices that could be developed to achieve efficient water photosplitting, tandem photoelectrochemical cells show more flexibility and offer high theoretical conversion efficiency. The development of these cells depends on finding efficient and stable photoanodes and, particularly, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 3 general vein, this study illustrates how the use of EIS may provide important clues about the behavior of photoelectrodes and the main strategies for their improvement.
INTRODUCTION
The problem of maintaining the growing demand of energy has attracted considerable interest in our society. The imminent depletion of fossil fuels motivates research in energy clean and renewable energy generation. In this respect, water splitting has been presented as a relevant approach to produce hydrogen or other valuables fuels such as methanol using CO 2 as a precursor. Probably, the most practical device for water photosplitting is a tandem cell composed of an adequate couple of photocathode/photoanode that can decompose water into hydrogen and oxygen gases using only solar energy without the need of an applied bias.
TiO 2 used as a photoanode has reached high efficiencies although it only absorbs a small portion of the solar spectrum. As far as we know, CaFe 2 O 4 is among the most studied ternary oxide photocathodes for water splitting. Having a relatively narrow band gap (1.9 eV), it is able to absorb visible light, and it also has a suitable band edge positions for water reduction. In addition, it can be prepared from cheap reagents. Its photoelectrochemical properties for hydrogen evolution were first described by Matsumoto et al. 18 Compared with other p-type metal oxides, relatively high efficiencies for water splitting have been reached by preparing this material as a compact film. 20, 21 However, the efficiency is still low and the temperature necessary for electrode preparation is high, which are the main drawbacks for its practical use. Nowadays, finding a cost-effective method for CaFe 2 O 4 electrode preparation is still a challenge.
It is important to highlight that the knowledge of the different processes and reactions that take place in the photoactive material is critical for the improvement of the photoelectrochemical performance of the electrodes. Not only the semiconductor/electrolyte interface (SEI) plays a key role, but also the characteristics of the material bulk, where recombination processes may take place. Non-stationary photoelectrochemical impedance spectroscopy is a powerful in situ technique for the understanding of the processes at illuminated SEIs. It can provide useful information about the kinetics of the different steps and the nature of the chemical capacitance. For instance, it could help identify the rate determining step of the charge transfer reaction.
The most common approach to analyze the electrochemical impedance spectroscopy (EIS) results is based upon an equivalent circuit of capacitors and resistances representing the SEI.
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This strategy leads to a good fit of the experimental values, and provides information about resistive and capacitive elements related with the phenomena occurring at the SEI, but it has the disadvantage that some of the elements of the circuits have an unclear physical meaning, especially those related with the kinetics and reaction mechanisms involving the charge carriers.
In this paper, not only the chemical capacitance in the SEI, but also the kinetics of the hydrogen evolution photoelectrochemical reaction for a p-type CaFe 2 O 4 electrode is analyzed by means of EIS. We have developed a model on the basis of the work of Leng et al, 28 which was focused on the kinetics of a photooxidation reaction on TiO 2 electrodes, but adapted to H 2 evolution over p-type photoelectrodes. The importance of both defining the characteristics of the interface employed to build the mathematical model, and establishing convenient approximations in view of extracting electrochemical information from the experimental analysis are highlighted.
THEORETICAL BASIS
Mechanism and theoretical approach
The photoelectrochemical interpretation of EIS experiments using kinetic models instead of equivalent circuits has been mainly developed for n-type semiconductors. [28] [29] [30] Generally, the resulting equations are also valid for p-type electrodes with the appropriate current sign reversal. For instance, Ponomarev and Peter 31 investigated recombination, charge transfer rate constants, and space charge capacitance for a p-type InP electrode. However, to the best of our knowledge, the present work is the first in investigating the water reduction 6 process in a p-type metal oxide electrode on the basis of a kinetic model for EIS. The general description of the proposed model derives from the analysis performed by Leng et al, 28 considering not only the transfer of electrons to the electrolyte from the conduction band, but also from surface states, as well as the recombination of electron-holes pairs in the bulk and/or at surface states. As shown in figure 1, the mechanism considers surface states situated at a certain energy above the Fermi level of the semiconductor. The mechanisms that govern the water reduction process can be represented by the following kinetic reactions: 
The electron-hole pairs generated under illumination (process 0) can recombine in the bulk or move to the surface. It is supposed that the flux of electrons that reach the surface (I 0 ) is directly proportional to the total incident photon flux (Φ 0 ), being the proportionality factor, K<1. K depends on different factors such as the nature and concentration of defects in the bulk of the semiconductor, the bending of the bands or the diffusion length of the electrons in the bulk.
Conduction band electrons can be transferred to solution (process 1) or to surface states (process 2). It is assumed that (under stationary conditions) only a minor fraction of the surface states are occupied by trapped electrons. The electrons trapped in surface states can react with adsorbed water (process 3) to produce adsorbed hydrogen. Photogenerated holes in the valence band can recombine with trapped electrons (process 4). Note that process 1 would correspond to the Volmer reaction step in the classical hydrogen evolution reaction (HER) mechanism. It is assumed that the second step of the HER is the Tafel reaction (process 5). However, the Heyrovsky electrodesorption step could also occur. In fact, both
Tafel and Heyrovsky steps have been reported for the HER on metal oxide electrodes.
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In the following we hypothesize that process 3 is unlikely, and that the main pathway for water reduction is electron transfer from the conduction band (see section 4). Moreover, it is assumed that the value of Γ ୌ మ is high and constant. Process 5 is assumed to be fast and thus process 1 is considered to be the rate determining step of the HER. The rate of reactions 0-5 (v i ) are expressed in cm -2 s -1 and the rate constants k 1 , k 2 , k 3 and k 4 are given in s -1 .
The time-dependent concentrations of free minority carriers at the surface (n 1 ) and of minority carriers trapped at surface states (n 2 ) are defined by kinetic differential equations:
This approach has been used in previous works 28,29,31 for either n-type or p-type semiconductor electrodes.
Three different capacitances in the SEI can be distinguished: the Helmholtz double layer capacitance (C H ), the space charge region capacitance (C SC ) and the capacitance of the surface states (C SS ). The importance of surface states in the photoresponse of semiconductor electrodes was extensively studied in the work of Li and Peter; 35 they determined that the presence of surface states induces a shift of the photocurrent onset toward positive potentials in the case of an n-type semiconductor. In the present work, the existence of surface states is considered to be described by a surface state capacitance charged through a resistor (R SS ), with a characteristic time constant for the trapping of minority carriers that can be expressed as τ SS = R SS C SS . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 9
The drop of potential across the SEI is a function of these capacitances, as described in the classic theory of semiconductor electrochemistry 36, 37 j SS R SS + ϕ SS = ϕ SC = ϕ -ϕ H
where j SS is a capacitive current density related with the charge and discharge of the surface states.
On the other hand, the total electron flux across the interface can be expressed as the sum of a faradic component (superscript "F") and a capacitive component. Furthermore, the net flux of electrons (current) in the semiconductor side (j electrode ) of the interface must be equal to that in the electrolyte side ( j electrolyte ). Similar theoretical treatments can be found in the literature.
28, 38, 39 j electrolyte = j electrode (10) where:
Some assumptions or approximations are considered in the following discussion. First, the flux of electrons toward the surface (Ι 0 ) may be assumed as independent of the applied potential as long as the penetration depth of the light is smaller than the width of the depletion region or if the depletion region is not significantly affected by the applied potential. Phase Element (CPE). [40] [41] [42] [43] In this work, the electrical Helmholtz double layer is modeled as a CPE 44 :
instead of using the expression for a pure capacitance typical of an ideally polarizable electrode Z H = 1/(C H iω). In equation 15 , R H is a constant and 0 < ψ < 1 (where ψ = 1 corresponds to an ideal capacitor). As a result, the corresponding admittance can be expressed as:
where Q = cos(ψπ/2) and P = sen(ψπ/2).
The potential modulation is supposed to affect the band bending and, consequently, the concentration of majority carriers at the surface (p S ), which influences in turn the rate constant, k 4 , as defined in the following equation:
k 4 0 is the rate constant when ϕ SC = 0 (when the bands are flat) and η is an ideality factor. 
11
The modulation of the potential across de Helmholtz layer will modify the activation energy and thus affect the rate constant k 1 . Kühne et al 45 proposed the Tafel equation to describe the relationship between the interfacial charge transfer constant and the potential drop across the Helmholtz layer for p-InP. Analogously, here k 1 can be expressed as:
Finally, we consider that the photoelectrochemical water reduction is not limited by mass transfer, and that the determining step is a charge transfer step.
The electrochemical impedance spectroscopy technique consists in the application of an ac perturbation to the potential dc signal, producing in turn a perturbation in the variables involved in the SEI. Frequently, a sinusoidal potential perturbation is applied to the electrode with a frequency f = ω/2π:
Where |U| is the amplitude of the perturbation and ω its angular frequency in rad s -1 . The ac component of the pertinent variables will be marked with a tilde (U ෩ , j ሚ , etc.). The admittance is defined as the ratio of the modulated current density and the modulated applied potential. Thus, the electrochemical impedance, Z(ω), the inverse of the admittance, Y(ω), will be given by:
The time-dependent expressions for the ac variables (k ෨ 1 ,k ෨ 4 , ϕ ෨ An expression for the intercept of the semicircle with the x-axis of the Nyquist plot (Z cross )
can be obtained from the low frequency limit (ω 0) of equation 24:
The frequency at which the imaginary part of the impedance is maximum (ω max ) can also be determined as the time derivative of the imaginary part of equation 24 (assuming that 1 >> iωτ SS ). The following equation is obtained:
In the region of the second semicircle, the terms related with the charge/discharge of both the surface states and the space charge layer (capacitive contributions, except that related with the CPE) can be neglected:
In the results and discussion section, the effect of applied potential and light intensity on the experimental behaviour of the CaFe 2 O 4 /FTO photoelectrode will be analyzed. Therefore, this section will illustrate changes in the electrochemical impedance response as a result of variations of either E or I 0 . The influence of the magnitude of the depletion layer capacitance, C SC , and the surface state capacitance, C SS , on the impedance spectra is shown in figure 3 . The semicircle at low frequencies is practically unaltered by changes of the capacitance values as it is predicted by equation 27. As the capacitance values change, the first semicircle is deformed in such manner that Z cross remains constant, while ω max is increasing as either C SC or C SS decrease.
This is in agreement with model equations 25 and 26. For the lowest values of C SC in figure   3A , the impedance response is virtually the same. This fact is explained on the basis of B. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16 becomes independent of the depletion layer capacitance. In this case, Band Edge Pinning (BEP) would be precluded; and thus, the capacitance of the surface states together with the Helmholtz layer capacitance would govern the SEI. In figure 4 , the effect of the charge transfer constant (k 1 ) and the recombination constant (k 4 ) are investigated. Figure 4A illustrates that an increase in k 1 can either produce an increase or a decrease in the impedance depending on the frequency. The effect of this variable on both the first and second semicircles is significant. The variation of k 1 also affects the potential drop in the Helmholtz layer up to 10 Hz, as shown in the หϕ ෨ H ϕ ෨ ⁄ ห vs. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 frequency plot (figure S1). figure 4A ), the two semicircles converge to a curve without a well-defined shape. In brief, in this section, it has been shown that the semicircle at low frequencies is mainly influenced by the kinetics of charge transfer and recombination processes, while the semicircle at high frequencies is not only strongly linked to the capacitances in the SEI, but also to the values of the kinetic constants k 1 and k 2 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 were dissolved in water, and then, a solution of 5% of polyethylene glycol (PEG 6000) was added. The solvent was evaporated under stirring at 120 °C. The obtained gel was calcined at 450 °C for 2 h and then at 1050 °C for 2 h, originating a brown CaFe 2 O 4 powder.
Electrode fabrication was performed using a platinum sheet as a substrate. 20 50 mg of the powder was suspended in 100 µL of ethanol and was kept in an ultrasonic bath for 15 min.
The suspension was dropped over the Pt sheet and the solvent was evaporated at room temperature. The deposited amount of CaFe 2 O 4 was about 25 mg. Finally, the electrode was calcined at 1200 °C for 2 h and a dark brown 2-3 µm thick film of CaFe 2 O 4 was finally obtained.
Physical characterization. X-ray diffraction (XRD) characterization was performed on a Seifert JSO-Debyeflex 2002 diffractometer using the Cu Kα line (λ= 1.5406 Å). A
Shimadzu UV-2401PC spectrophotometer equipped with an integrating sphere coated with BaSO 4 was used to measure either UV-visible diffuse reflectance or absorbance spectra.
Photoelectrochemical and EIS analysis.
Photoelectrochemical measurements were performed using a three-electrode cell equipped with a fused silica window. In order to avoid the platinum response in the electrochemical analysis, the bare substrate and part of the deposit were isolated by covering them with epoxy resin (PoxiPol ®) and then with a
Teflon film over the resin. The active working electrode area was of 0.2 cm 2 . A platinum wire was used as a counter electrode and all the potentials are measured and referred to an Ag/AgCl/KCl(3 M) reference electrode. All the (photo)electrochemical measurements were carried out by using a NOVA potenciostat coupled with a frequency response analyzer. The impedance measurements were performed using a 10√2 mV amplitude perturbation in the 
RESULTS AND DISCUSSION
In this section, the validity of the developed model with the approximations established in section 2 will be checked for a CaFe 2 O 4 photoelectrode. First, a brief discussion on the physicochemical characterization of the material is given. Second, the electrochemical response in the dark and under illumination are analyzed. Then, photoelectrochemical impedance spectroscopy is presented and discussed under different conditions. Finally, the experimental EIS data will be fitted with the developed model. In such a way, the model will be able to provide valuable information on the parameters determining the behavior of the illuminated SEI.
The characterization of the powder calcined at 1050 °C was performed by XRD and UVvisible spectroscopy. The XRD pattern (figure 5A) shows well defined peaks assigned to orthorhombic CaFe 2 O 4 (JCPDS card 00-032-0168). The UV-visible absorption spectrum (figure 5B) shows a defined absorption edge starting at 650 nm, demonstrating that the material is able to absorb light in a rather wide range of the visible spectrum. The Tauc plot for a direct optical transition (inset in figure 5B ) reveals a band gap of 1.85 eV in agreement with the value given in a previous report. Intensity / a.u.
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The capacitance of the electrode was measured at different potentials and the MottSchottky plot is presented in the inset of figure 6A . The capacitance is almost constant in the investigated potential window. When the electrode interface is mainly governed by BEP, the Mott-Schottky plot exhibits a linear region [47] [48] [49] [50] (with a negative slope in the case of a p-type semiconductor). As such linear region is not clearly defined in the present case, it is deduced that a modification of the applied potential is not mainly reflected in a change 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   23 water molecules is more probably performed from the conduction band than from surface states.
The experimental EIS data for the CaFe 2 O 4 electrode was recorded by setting the light intensity and recording the impedance spectra at different potentials from 0.4 V to -0.3 V (shown in figure S4 ). The photoelectrochemical response in the dark and after transient illumination was recorded before and after the EIS experiments at every light intensity.
Cyclic voltammograms in the dark were unchanged after the EIS experiments, although the magnitude of the photocurrent was somewhat different, especially at the highest light intensities (see figure S5 ). This behavior may be attributed to an incipient irreversible reduction of the material during long illumination times under bias potential. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 24 mW/cm 2 . Based on the absorbance spectrum of the material, and the illumination source employed (solar simulator), for a quantum yield equal to one, the values of the power irradiance correspond to equivalent currents (eΦ 0 ) ranging from 0.8 to 17 mA cm -2 (as estimated by considering step function absorbance at the wavelength corresponding to the band gap). 51 Visibly, a semicircle at high frequencies can be identified in the Nyquist plots.
Moreover, a second region at lower frequencies is present. The assignment of this region to a transport process related with diffusion of the products and/or the charge carriers in the semiconductor [52] [53] [54] [55] [56] [57] was discarded because diffusion processes emerge in EIS as straight lines with a slope of 45º (usually they are represented as Warburg elements in equivalent circuits). In this case, the angle is comprised between 40-60º and it changes with the applied potential. These facts suggest that the lower frequency part corresponds to a second semicircle of large radius.
In figure 7A , impedance decreases when eΦ 0 increases for the all the studied potentials (see figure S4) . A direct proportionality between the intercept of the semicircle with the x-axis (Z cross ) and the inverse of the irradiated light intensity is observed in figure 7B for an applied potential of 0 V, and also for -0. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Admittedly, for the highest potentials the fit is worse. The reason may be the contribution of the dark component to the overall current, because the model is developed considering only the minority carriers generated under illumination. Consequently, its applicability is limited to the case when dark currents are negligible compared with the photocurrent.
The impedance is virtually potential-independent in the higher frequency range. This region is governed by parameters related with the capacitances of the double layer, revealing that some of these parameters such as R H , C SC , and τ SS , can be considered as independent of applied potential.
For all the studied light intensities, impedance adopts comparable values at high reverse bias, and increase largely at potentials above 0 V, close to the photocurrent onset, as illustrated in figure S4 . In fact, in figure 8, the impedance of the first semicircle reached similar values for applied potentials of -0.3, -0.2 and 0 V. Concretely, Z cross and ω max are very similar in the three cases (see also figure S6 ). According to the equations 25 and 26, the observed behavior suggests that I 0 , k 1 , k 2 , C SC and C SS should change only slightly within this range of potential. On the other hand, figure 9A shows that the magnitude of I 0 does not change much upon varying the applied potential, which support the assumption that I 0 only depends on Φ 0 , as previously discussed. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 As observed in figure 9B , C SS increases with potential, especially for the highest potential values. Previously, the capacitive currents (accumulation region) in the dark starting at 0 V (figure 6) were correlated with the filling/emptying of surface states located at energies within the band gap (close to the valence band edge). The increase in C SS can be tentatively correlated with such voltammetric region.
The fitting parameters obtained from the experimental data also reveal that C SS is larger than C SC for all the studied potentials. Thus, the part of the applied potential that drops in the semiconductor side of the interface, produce the charge/discharge of surface states, rather than an alteration of the space charge region. This is in agreement with the observed C -2 vs. E behavior (inset, figure 6A ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 28 Working with CPE elements does not allow for a direct obtainment of the C H value.
However, the "effective equivalent capacitance, C H,eff " of the Helmholtz layer can be estimated 58 as R H ሺω max ሻ ψ-1 and it has a value of 7.5·10 -5 F cm -2 . The value of ω max has been taken from the first semicircle in the Nyquist plots. The fact that C H,eff reaches the same order of magnitude than C SS (which is significantly larger than C SC ) implies that changes in the applied potential would also affect the Helmholtz layer potential drop. This is confirmed in figure S7 .
Regarding the dependence of the kinetic constants with the applied potential, the behavior observed in figure 9C is the expected one: k 4 increases with potential, k 1 decreases with the The ratio between k 1 /(k 1 +k 2 ) provides information about the fraction of electrons that are transferred to solution and the fraction that recombines with holes at surface states. For the highest potential value, the majority of electrons recombine (k 1 /(k 1 +k 2 )<<1), this is reflected by small spikes (due to the low value of I 0 ) when light is turned on in figure 6 at 0.2 V. For lower potentials, the ratio is estimated to be 0.5-0.6, which would be reflected in higher stationary photocurrent values (equation A3).
The excellent agreement at both qualitative and quantitative levels between experiments and simulations clearly indicates that the assumptions upon which the model is based are plausible. The most critical hypothesis is that direct CB electron transfer is the predominant pathway for water reduction. This is in accordance with the fact that an attempt to adjust the experimental EIS data to a model equivalent to that of Leng, 28 in which indirect electron transfer from surface states is considered, leads to inconsistencies in the fitting parameters. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 This material is available free of charge via the Internet at http://pubs.acs.org.
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